Introduction
The term "Developmental Dyscalculia" refers to a specific learning difficulty which affects mathematical abilities and mathematical learning. Individuals with developmental dyscalculia may have difficulties in understanding simple number concepts, acquiring mathematical skills, and learning number facts and procedures (Hannell, 2013) .
In recent years, there is an increasing agreement that developmental dyscalculia has a neuropsychological basis which is characterized by deficits in basic numerical skill; for instance, number comparison and number sense, such as to be able to calculate mathematical problems in your head and number fluency (Landerl, Bevan & Butterworth, 2004; Rubinsten & Henik , 2005; Butterworth, 2005; Gersten & Chard, 1999) . Even research on developmental dyscalculia has increased recently, the causes of which VOLUME 2 / NUMBER 2 / 2015 THE JOURNAL OF NEUROBEHAVIORAL SCIENCES 2 ORIGINAL ARTICLE processing, particularly for processing numerosity when arraying things (Butterworth, Varma, & Laurillard, 2011) and for number comparison (Kadosh et al., 2005) . Due to early damage to their inferior parietal cortex, children with developmental dyscalculia might have defects in the number sense which results in their inability to grasp numbers intuitively (Butterworth, 2005) . A great deal of research has supported this hypothesis by using a range of tasks (Hanich eet al., 2001; Jordan & Hanich, 2003; Landerl, Bevan, & Butterworth, 2004 ). In addition, neuropsychological studies conducted on patients with left parietal lesions as well as normal subjects support that calculation or number comparison tasks activated the horizontal segment of IPS (Cappelletti, Butterworth & Kopelman, 2001; Dehaene and Cohen 1997; . Moreover, in their study, Molko et al. (2003) , found out that, a number of comparison tasks caused the bilateral activation of the intraparietal sulcus.
On the other hand, the second hypothesis suggests a non-numerical explanation which focuses on general cognitive deficits, such as those with regards to to working memory (Geary, 1993; 1994) . According to Geary (1993) , children with developmental dyscalculia might have computational and memory-retrieval errors which might be related to their using working-memory resources. Indeed, working-memory might have a central role in developmental dyscalculia. This is evidenced in several studies, all of which indicate that working memory functions have an essential role in cognitive arithmetic in children and adults (De Rammelaere & Vandierendonck, 2001; LeFevre et al., 2005) as well as well as in children with developmental dyscalculia (Geary & Brown, 1991; Gray, 1991) .
Neural Basis of Developmental Dyscalculia
It has been found that the ability to understand and manipulate numerosities has a direct relationship with the parietal lobes, mainly with the IPS (Piazza et al., 2002; Dehaene et al., 2003; Castelli, Glaser, & Butterworth, 2006) . This is because activation was detected in the parietal lobes, including the horizontal segment of the IPS when healthy adults were solving mathematical problems van Eimeren et al., 2010) . In addition, the superior parietal lobule (SPL), the angular gyrus (ANG) and the supramarginal gyrus (SMG) regions are the other brain regions that were found to have a relation with number processing and mathematical abilities (Grabner et al., 2009; Wu et al., 2009) . The supramarginal gyrus (especially the left SMG) showed activation in the studies using a calculation task (Rivera et al., 2005) ; likewise, the SMG with ANG have been found to be activated in mental mathematic tasks (Rickard et al., 2000) .
On the other hand, the results found from healthy adults have been found to be similar with those retrieved from children with developmental dyscalculia in terms of the relationship between IPS and numerical distance (Ansari, 2008) . Neuroimaging studies have shown that the parietal cortices, including the IPR and SMG, have abnormal activity related with the number's size and difficult tasks (Molko et al., 2003; Rivera et al., 2002) . Evidence in favor of IPS activation modulated by numerical distance was provided by the study by Price et al. (2007) . According to the results of this study, non-symbolic number processing led to a stronger activation in the right IPS of the control group than in the children with developmental dyscalculia.
According to Kucian et al. (2006) , arithmetical problems in children with developmental dyscalculia are related with defects in the parietal areas. Further, a significant blood flow increase in the prefrontal and parietal cortices, as well as bilateral activation in the ANG, were found during subtraction tasks (Roland & Friberg, 1985) . Grabner et al. (2007) found a relation between brain activation in the left ANG and complex multiplication tasks in their study with adults who had lower and higher mathematical-numerical skills. Furthermore, Lee suggested that the left SMG and ANG were responsible for single digit multiplication facts.
The present study investigates the neural correlates of developmental dyscalculia in adults based on fMRI data. For this purpose, adults with developmental dyscalculia were scanned while conducting tasks testing number comparison, multiplication and subtraction. The aim was to examine the brain activations related to the tasks being tested for in adults with developmental dyscalculia and the differences between the developmental dyscalculia group and the controls. It was predicted that adults with developmental dyscalculia would show less brain activation than in the control group in the IPS with relation to the tasks that tested for number comparison, more activation than in the control group in the ANG and in the SMG during the tasks that tested for multiplication, and bilateral IPS activation during the tasks that tested for subtraction.
Methods

Participants
Twenty adults aged between 19 and 36 (15 females and 5 males, mean age= 22.17, SD= 3.4, range= 19-36) voluntarily participated in this study. All subjects were undergraduate and postgraduate students from the University of York. All 20 subjects were both native speakers of English and right-handed. None of the subjects had any history of psychiatric or neurological illnesses.
All participants were assessed using behavioral tests including general cognitive ability (Wechsler Abbreviated Scale of Intelligence; Wechsler, 1999) .549
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a difference between their IQ and WRAT arithmetic scores of at least 10 points.
The other 10 participants constituted the control group (9 females and 1 male, mean age= 22.7 years, SD= 4.9 years). Control participants were matched as far as possible with regards to the IQ, age and gender of the experimental groups. Control participants met the present research criteria if they had an IQ at or above 90 and a WRAT arithmetic score of above 100.
Procedure
Participants were tested usually during one-maximally two-sessions. All subjects were assessed in the Numerical Cognition Laboratory of the Psychology Department of the University of York. The tests were conducted in the following order: first, reading and arithmetic skills tests; second, handedness inventory; finally, general cognitive ability measurement.
fMRI Tasks
The fMRI scanning part of the study consisted of a motor cortex localizer task, a number comparison task, a multiplication task and a subtraction task.
Motor cortex localizer
The paradigm which was used in the study was a fingerto-thumb opposition paradigm. The image of the task was shown to the participants on the screen during the scanning. The image included two hands with a red dot being projected on the fingers of the image. Participants were asked to touch their left or right thumb synchronously in correspondence with the finger on which the red light was being projected on. The stimuli included white hands placed on a black background.
Number comparison
The number comparison task consisted of white doubledigit Arabic numbers (31-99, never 65; Arial, font size 60; number 65 presented in Arial, size 24) which were demonstrated centrally on a black screen one by one. Participants were required to determine whether the demonstrated number was smaller or larger than 65. This is called a distance effect and was used to compare a set of target numbers with a fixed standard number in order to reflect participants' reaction times (Zhang & Wang, 2005) .
Participants pressed one of two response buttons so as to give their decisions; while the left index finger was to be used for smaller numbers, the right index finger was used for larger numbers. According to Aster & Shalev (2007) , while making judgements about numbers, the left hand is quicker for smaller numbers and the right hand is faster for larger numbers; this is known as the "spatial numerical association of response codes" (SNARC) effect.
The rationale behind the inter-stimulus interval (ISI) randomization:
(Also applies to both multiplication and subtraction tasks)
The purpose of using the make_random_timings.py command from the AFNI suite was in order to choose stimulus timings within a particular block. For each set of parameters, 100 timing randomizations were applied. The stimulus block which had lengths of 75, 150, 240, 300, 450 and 600 seconds were assessed. While the ISI was jittered, the timing of the stimuli presentation remained stable. VOLUME 2 / NUMBER 2 / 2015 THE JOURNAL OF NEUROBEHAVIORAL SCIENCES 4 ORIGINAL ARTICLE Several conditions were used, such as Multiplication/ Subtraction correct (Mc, Sc), Multiplication/Subtraction incorrect (Mi, Si), Number Comparison Close (C)/Far (F) were used within a block. In order to assess the design matrix, a gamma convolution was used. Afterwards, custom scenarios were used in order to obtain the sets of randomizations from a single block and to combine them into the full experimental design using multiple blocks. The 3dDeconvolve command from AFNI was used for this purpose.
Multiplication
The multiplication block consisted of presenting a multiplication problem with single digit operands and a suggested response (e.g. 2 × 8 = 16) to participants. White digits (Arial, size 30) placed on a black background were used. The stimuli included fifty per cent incorrect answers (e.g. 2 × 8 = 14) and fifty per cent correct answers. Participants were asked to decide if the equation was solved correctly and respond by pressing one of two response buttons (right index finger for correct items, left index finger for incorrect items). Half of the incorrect equations were table-related (e.g. 2 × 8 = 14) while the other half were unrelated (e.g. 2 × 8 = 15).
Subtraction
The subtraction block consisted of presenting a subtraction problem with a suggested response (e.g. 16 -9 = 7) to participants. White digits (Arial, size 30) placed on a black background were used. In the first part of the block, the stimuli included fifty per cent double digit equations ranging from 11 to 19 and presented first, and fifty per cent single digit equations ranging from 3 to 9 and presented second. The other half of the block consisted of fifty per cent double digit equations ranging from 52 to 91 and presented first, while the other fifty per cent were double digit equations ranging from 23 to 76 and presented second. The first half had a small problem size that could be solved by fact retrieval (e.g. 16 -9 = 7) while the other half had a large problem size that needed to be calculated (e.g. 88 -35 = 53). Participants were asked to decide if the equation was solved correctly and respond by pressing one of two response buttons (right index finger for correct items, left index finger for incorrect items).
fMRI Procedure and Design
Before the scanning session, there was a training period in which participants had a chance to exercise the tasks by receiving full instructions. In the training period, participants could see a shorter example of the tasks on a computer screen. They were asked to make decisions about the stimuli and respond by pressing response buttons on the keyboard quickly. This was an exact copy of the process that would take place during the scanning. After completing the training period, participants completed a motor cortex localizer task, a number comparison task, a multiplication task, and a subtraction task during the scanning period.
For all fMRI tasks, the Presentation 13.1 program was used in order to present and control the stimuli as well as acquiring reaction times (RTs). A mirror which was placed to the head coil helped participants to see the stimuli which was shown on a screen. Before each block, the upcoming task was announced on the screen. The fMRI scanning session consisted of two consecutive parts which took approximately 40 minutes for each and a 10 min break between these two parts. Each part included either a motor cortex localizer task or a number comparison task, two blocks of multiplication and two blocks of subtraction. The presentation order was randomized.
Data acquisition
Imaging data were collected at the York Neuroimaging Centre (YNiC) using a 3 Tesla Signa HDx Excite MRI system (General Electric) with an eight channel phased array head coil (GE Signa Excite 3.0T, High Resolution Brain Array, MRI Devices Corp., Gainesville, FL). In order to reduce head movement, a foam insert was placed in the scanner.
The following functional imaging parameters were used to obtain the functional MR imaging in the present study: a T2*-weighted gradient echo EPI sequence (echo time (TE) = 34.3 ms, repetition time (TR) = 3 s, flip angle = 90°, field of view (FOV) =256 mm, matrix = 128 x 128). 38 para-axial slices (which were parallel to the corpus callosum), each with a thickness of 3.5 mm thickness, were obtained per volume with no inter-slice spacing. The voxel size of the images was 2 x 2 x 3.5 mm.
The following functional imaging parameters were used to obtain high resolution anatomical images in the present study: a T1-weighted sequence (TE = 3.6ms, TR = 9.0ms, flip angle=8°, FOV = 256mm, matrix = 256 x 256). The voxel size of the structural images was 1 x 1 x 1 mm.
Data Analysis
Behavioral Data
Performance measures on accuracy and the RTs of the cognitive ability, reading skills, handedness and the arithmetic skills tests, the motor localizer, the number comparison, the multiplication and the subtraction tasks were analyzed using descriptive statistics firstly. Then, individual trials of each task were analyzed using independent t-tests for between-group differences. In addition, for each task, the effects of trial types (close/ far, correct/incorrect, correct large & small/incorrect large & small) were analyzed using repeated measures analysis of variance (one-way within-subject ANOVA).
fMRI Data
Pre-processing and statistical analyses were carried out using FEAT (FMRI Expert Analysis Tool version 5.98) which is part of FSL (the software library of the Oxford Centre for Functional MRI of the Brain (FMRIB); www. fmrib.ox.ac.uk/fsl). At the first-level analysis, irst-level analysis, MCFLIRT (Jenkinson, 2002) ORIGINAL ARTICLE included slice-timing correction using Fourier-space timeseries phase-shifting and non-brain removal using the BET Brain extraction tool, version 3.3 (Smith, 2002) .
In order to smooth the images spatially, a Gaussian kernel of FWHM 5mm and a grand-mean intensity normalization of the entire 4D dataset with a single multiplicative factor were used. To take away the low frequency drifts, a highpass temporal filter (Gaussian-weighted least-squares straight line fitting, with sigma of 25.0s for multiplication/ subtraction and 30.0s for both motor cortex localizer and number comparison tasks) was used. FLIRT (FMRIB's Linear Image Registration Tool; Jenkinson & Smith, 2001) was utilized in order to register high-resolution structural images of a standard brain (MNI 152).
During the second-level analysis, in order to perform group analysis for mixed-effects across participants, FLAME (FMRIB's Local Analysis of Mixed Effects; Beckmann, 2003; Woolrich, 2004) was used. Trials with inaccurate responses for Subtraction/Multiplication blocks were not analyzed.
Both single-and second-level analyses were done at single-subject-level and images were thresholded using clusters settled in Z> 2.3 and a corrected cluster significance threshold of p = 0.05.
The contrasts, as well as whole brain analyses of each contrast, were analyzed at single-subject-level. This was done in order to determine the brain areas involved in the mathematical processes.
Results
Number Comparison
Four clusters were detected for participants with developmental dyscalculia and the controls in the close distance contrast (numerical distance to 65 was small, as mentioned in fMRI section), encompassing areas in the angular gyrus in the left hemisphere, intraparietal sulcus in the both hemisphere and in the superior frontal gyrus. Similarly, this activation pattern was identical for the far distance contrast (numerical distance to 65 was large, as mentioned in fMRI section); five clusters were detected encompassing areas in the angular gyrus in the left hemisphere and intraparietal sulcus in the left hemisphere (see Figure 1 , Table 2 ). The IPS activation was stronger in the close distance contrast than in the far distance contrast and stronger in the left hemisphere than in the right hemisphere.
Multiplication
Multiplication correct items activated the bilateral network of the brain regions, including the angular gyrus, supramarginal gyrus, neighboring areas of the intraparietal sulcus and also, the inferior frontal gyrus in the left hemisphere and the superior frontal gyrus (see Figure 2 , Table 3 ). Similar activation patterns were observed when multiplication incorrect items were considered, with bilateral activation in the intraparietal sulcus, the angular gyrus, the supramarginal gyrus and also, the superior frontal gyrus and the inferior frontal gyrus in the left hemisphere (see Figure 2 , Table 3 ). Activations were more extensive in the left hemisphere compared to the right in both tasks.
*
Only first three peak activations of each contrast can be seen (the first three is close > far contrast, the second three is far > close contrast , showing cluster index, number of voxels within each cluster, maximum z-score and peak cluster coordinates for the two groups.
Discussion
The present study examined the neural correlates in adults with developmental dyscalculia during number comparison and calculation (multiplication and subtraction) tasks. The results confirmed IPS, ANG and SMG activity in subjects when they exercised their mathematical skills. This supports previous studies' results (Grabner et al., 2009; Wu et al., 2009; Ansari, 2008) .
We predicted that the IPS activation would be less in developmental dyscalculia during the number comparison task. The results support the role of the IPS during number comparison and agree with previous studies (Pesenti et al., 2000) . However, there was no activation when the two groups were compared. It was found that close and far distance led to a similar activation pattern. However, the activation was stronger when the number was close to the comparison number. In addition, the activation was stronger in the left hemisphere. A series of studies indicate that the IPS holds the representation of number distance Dehaene, Dehaene-Lambertz, & Cohen, 1998) . In their study, Pinel et al. (2001) examined the examined the relation between numerical distance and brain activity in the comparing of two-digit numbers and found that numerical distance affected IPS activity. In addition, it was discovered that the distance had an inverse relation with activation; i.e. when the distance was small, the activation was stronger. Other studies have found differences between the controls and the developmental dyscalculia group with regards to the activation of IPS (Price et al., 2007; Kucian et al., 2006; Ansari et al., 2005) . However, these studies either compared children with other children or children with adults. Only a few studies were done with adults. This is the major contribution of the study. Even though the IPS region of the brain was activated during the number comparison task, there is still a debate about their role. This study tried to find a solution to this debate by underlying the role of IPS in the number comparison task.
Furthermore, we predicted that there would be activation in the left ANG and the left SMG during multiplication. Multiplication led to the activation in the ANG, SMG and IPS regions of the participants' brains. Correct and incorrect items did not show a difference in the activation pattern and the activation was stronger in the left hemisphere for both items. When the two experimental groups were compared, no activation was observed. These results show similarities with the literature which suggests that the left ANG activates during multiplication tasks (Chochon et al., 1999; Dehaene et al., 1999) . In their study, Ischebeck et al. (2006) examined the examined the learning process of multiplication and subtraction. Half of the participants took multiplication/subtraction training before fMRI scanning. The results showed that trained multiplication led to higher activation in the IPS and the left inferior frontal gyrus which were presumed to have a role in quantity processing (Fias et al., 2003; Piazza et al., 2002; Ischebeck et al., 2006) and verbal working memory (Ischebeck et al., 2006) . On the other hand, untrained multiplication led to activity in the left ANG which was related with mathematical fact retrieval (Lee, 2000) . Moreover, the SMG was found to be related with 
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Subtraction
As with the multiplication task, subtraction task's correct items led to bilateral activation in the angular gyrus, the supramarginal gyrus, neighboring areas of the intraparietal sulcus and also, the superior frontal gyrus as well as the inferior frontal gyrus in the left hemisphere (see Figure  3 , Table 4 ). A similar pattern of activation was observed when subtraction incorrect items were considered, with bilateral activation in the intraparietal sulcus, the angular gyrus, the supramarginal gyrus and also activation in the superior frontal gyrus and the inferior frontal gyrus (see Figure 3 , Table 4 ). Likewise, activations were more extensive in the left hemisphere when compared to the right in both tasks. (Mussolin et al., 2009) . It can be said that over-activation in the ANG and SMG regions was not examined in adults with developmental dyscalculia. This study tries to fill this gap in the literature by examining the ANG and the SMG activation in adults with developmental dyscalculia by using several multiplication tasks (correct-incorrect, table related-unrelated).
In addition, we predicted that there would be bilateral activation in the IPS during subtraction. The results confirmed this prediction. Additionally, the same brain regions that were found to be activated during multiplication were active during subtraction and there was no difference between the two groups. The final analysis compared subtraction and multiplication in order to find differences in activation patterns; however, no activation was detected. Thus, the prediction, which suggested that we would find different activation patterns between the two groups, was not confirmed. Brain imaging studies provided evidence in favor of different representations in the brain for different mathematical operations due to different types of knowledge (Dagenbach & McCloskey, 1992; Dehaene & Cohen, 1995) and different number mechanisms (Lemer et al., 2003; Dehaene et al., 2004) . According to Dehaene et al. (2004) , damage in the ANG region resulted in multiplication deficits while damages in the IPS region caused subtraction deficits. However, subtraction tasks showed a similar activation pattern and did not show a difference when subtraction and multiplication tasks were compared.
The study included some weaknesses. The main limitation was that the data from participants with developmental dyscalculia belonged to the previous project while the control data belonged to a project conducted during the 2012-2013 academic year. Even though the data collection procedure was the same, it was not known whether there were conditions that could affect the data. In addition, 4 or 5 participants with developmental dyscalculia also had reading difficulties which could affect the results. The bottom line is, however, that more research on investigating neural correlates is needed.
To conclude, neural correlates in developmental dyscalculia were investigated in this study. It was predicted that the IPS region of the brain would show less activation during the number comparison task in the adults with developmental dyscalculia. However, the findings showed that adults with developmental dyscalculia did not show less brain activation than in the control group in the IPS with relation to the tasks. Additionally, it was discovered that the activation of the left ANG, as well as the left SMG, during the multiplication task while there was activation in the bilateral IPS during the subtraction task.
